Breast weight has great economic importance in poultry industry, and may be associated with other variables. This work aimed to estimate phenotypic correlations between performance (live body weight at 7 and 28 days, and at slaughter, and depth of the breast muscle measured by ultrasonography), carcass (eviscerated body weight and leg weight) and body composition (heart, liver and abdominal fat weight) traits in a broiler line, and quantify the direct and indirect influence of these traits on breast weight. Path analysis was used by expanding the matrix of partial correlation in coefficients which give the direct influence of one trait on another, regardless the effect of the other traits. The simultaneous maintenance of live body weight at slaughter and eviscerated body weight in the matrix of correlations might be harmful for statistical analysis involving systems of normal equations, like path analysis, due to the observed multicollinearity. The live body weight at slaughter and the depth of the breast muscle as measured by ultrasonography directly affected breast weight and were identified as the most responsible factors for the magnitude of the correlation coefficients obtained between the studied traits and breast weight. Individual pre-selection for these traits could favor an increased breast weight in the future reproducer candidates of this line if the broilers' environmental conditions and housing are maintained, since the live body weight at slaughter and the depth of breast muscle measured by ultrasonography were directly related to breast weight.
Introduction
Broiler production technology has presented high evolution rates in recent years, which is mainly due to the selection for specific traits of commercial interest. A selection method used in broiler breeding is the indi-vidual selection, in which broilers are selected by their phenotype. It is efficient for traits with moderate to high heritability and may be used for phenotypic individual selection and/or when the population pedigree is not available for genetic evaluation (Morris and Pollott, 1997; Rishell, 1997) . The breast weight is one of the most economically important traits in the poultry industry, but its selection requires a sib test, which is expensive (Schmidt et al., 2006) . The phenotypic individual selection is usually accomplished in juvenile ages (Bijma et al., 2000) , when called pre-selection, which can be used especially for traits previously identified as being favorably associated with breast weight may facilitate early removal of broilers with poorer quality. These associations may be evaluated by phenotypic correlations (Cheverud, 1988; Rance et al., 2002) , since the confounding of genetic and environmental effects on phenotype are low. Such situation can be assumed in poultry evaluation, because the individuals are reared in environmentally controlled housing (Willis et al., 1991; Morris and Pollott, 1997) .
The identification of the traits that are able to affect directly and positively the breast weight can be performed by path analysis, which expands the matrix of correlation in coefficients that supplied the direct influence of one trait on another, regardless the other traits (Rao and Rice, 1998) . Several reports on path analysis based on phenotypic correlations are found in the literature on vegetables and other subjects (Marchezan et al., 2005; Cargnelutti Filho et al., 2006; Ferreira et al., 2007; Gondim et al., 2008) . However, reports about path analysis were not found in the literature on animal science. Path analysis could be an important appeal for the understanding of cause-effect relationships between traits used in phenotypic or genetic selection of animals. Therefore, we quantified the direct and indirect effects of performance, carcass and body composition traits on breast weight in a broiler line evaluated by path analysis.
Material and Methods
Information on performance, carcass and body composition traits from a sib test of a male broiler line was used. The data were collected in Pirassununga, state of São Paulo, Brazil, between the years 2001 and 2006. The considered traits were: (i) depth of the breast muscle (US), obtained by the average of the longitudinal and transversal accesses of the breast measured by ultrasonography at 38 days of age; (ii) live body weight at 7 days of age (BW7); (iii) live body weight at 28 days of age (BW28); (iv) live body weight at slaughter (SL) registered at 42 or 44 days of age at the slaughtering house prior to slaughter; (v). eviscerated body weight (EBW), corresponding to the warm eviscerated carcass weight, without neck and feet; (vi) skinless deboned breast weight (BRE), obtained after carcass cooling; (vii) leg weight (LEG), corresponding to thigh plus drumstick weight with bone and skin; (viii) heart weight (HE); (ix) liver weight (LI); and (x) abdominal fat weight (FAT), corresponding to abdominal fat pad plus the weight of fat adhered to the gizzard. The original dataset was submitted to exploratory analysis in order to eliminate doubtful data and outliers. Only the information for males was used.
The partial correlation coefficients among the traits were estimated, using the software SAS ® , version 6.12 (SAS Institute, 1999) , fitting the same values of broiler mother ages (M, range between 32 to 59 weeks of age) and the broiler ages at slaughter (S, 42 and 44 days) by the equations 1 and 2, given by Snedecor and Cochran (1989) .
where: r is the partial correlation, M and S are the auxiliary variables used to adjust the traits x i and x i' . This calculation generated a 10 × 10 matrix of partial correlation coefficients between the traits. The eigenvalues of this matrix were then estimated in order to determine the matrix multicollinearity, keeping for the analysis a set of traits with a condition number (CN) lower than 100 and Variance Inflation Factors (VIF) lower than 10. The CN is given by the relation between the maximum and the minimum eigenvalue (CN = λ max / λ min ), obtained from the partial correlation coefficient matrix, and VIF = 1/(1 -R 2 ) was computed for each explanatory trait as a function of all other remaining explanatory traits, and R 2 is the coefficient of determination from each generated multiple regression (Chatterjee and Hadi, 2006) .
Thereafter the coefficients were expanded into the direct and indirect effects using the Path Analysis (Rao and Rice, 1998) 
where r BRE,xi is the partial correlation coefficient of the main trait (BRE) and the i th explicative trait (i = 1, 2, ..., m);
is the direct effect of the i th trait on BRE and ' ;
i ii
x BRE x x p r is the indirect effect of i th trait over BRE via the x i ' th trait (for all x i ≠ x i' ), forming a system with m equations.
The path coefficients were obtained solving the linear system using the Least Square Method, given by
, where β is the vector of direct effects to be estimated; X is the partial correlation matrix between the explanatory traits and Y is the vector of the partial correlation of the BRE and the explanatory traits remained in the analysis, as follows: 
The descriptive statistics and partial correlations were estimated by the software SAS ® , version 6.12 (SAS Institute, 1999), and Path Analysis was performed using the software GENES (Cruz, 1998) .
Results and Discussion
All traits have positive phenotypic correlations with breast weight, indicating that each trait may influence breast weight (Tables 1 and 2 ). The phenotypic correlations between BRE and the other traits were positive and moderate to high (0.378 to 0.832), except for the correlation between BRE and FAT, which was positive but low (0.188). Other studies showing important phenotypic correlations among performance, carcass and body composition traits are also reported (Rance et al., 2002; Vayego et al., 2008) . However, there is a limitation in the evaluation of the obtained correlation coefficients: they only indicate the magnitude and the direction of a linear association between the traits (Kaps and Lamberson, 2004) without revealing the cause-effect relationships. Therefore, the obtained phenotypic correlations among performance, carcass and body composition traits in this broiler line are just indicators of the possibility of indirect phenotypic selection, although some other effects inherent to genetic and environmental interactions might make this selec-tion inefficient, even in the case of high phenotypic correlations as many of those obtained in this study. This limitation, according to Rao and Rice (1998) , can be overcome by use of path analysis.
The path analysis has as intermediary calculation the normal equation system (such as multiple regression), and its results can be influenced by the level of interrelation between the predictor variables, named multicollinearity. This multicollinearity is associated with unstable estimated regression coefficients and originates from the strong linear relationship among the explanatory measured traits (Chatterjee and Hadi, 2006) and is very harmful to the reliability of the inferences, because the regression coefficients have large sampling errors, creating erroneous coefficients and ambiguous results, affecting the inference based on this regression model.
The problems caused by multicolinearity can somewhat be overcome by deleting one of a pair of explicative traits that are highly correlated (Johnson and Wichern, 1998) and can be detected observing simultaneously a correlation coefficient of best correlated variables, the Condition Num- (Draper and Smith, 1981) indicate the number of sets of multicollinearity in the data. Moreover, the simultaneous observation of the highly associated variables, with higher load in the last eigenvalue and with higher VIF's will support the decision to delete the problematic variable (Chatterjee and Hadi, 2006) . A moderate multicollinearity in the full matrix of partial correlation was identified, with the ten traits given by the condition number 208.1, higher than the acceptable value ( Table 3 ). The lowest eigenvalue of this matrix was 0.02, suggesting the presence of multicollinearity in only one set of variables. This set was identified as EBW and BRE, because to them a higher correlation coefficient is associated (Table  2) , the higher VIFs (22.89 and 18.51, respectively) and the highest pair of eigenvector of the last eigenvalue (0.645 and -0.755, respectively) ( Table 3 ).
The identification of the degree of multicollinearity is necessary to guarantee a reliable estimate of the coefficients that can be used to make an appropriate and biologically safe interpretation (Coimbra et al., 2005) . Based on these estimates, the variable Eviscerate Body Weight was deleted, since the Breast Weight is the main variable. The same presented analysis was made without the EBW and no problem was identified, because the CN was lower than 100 (50.2), there are no VIF higher than 10, no eigenvalue near to zero (Table  3) , and no set of variables had high weight in the last eigenvalue indicating no problem in the posterior analysis, thus, not resulting in misestimating or a lack of biological interpretation for the obtained path coefficients.
The expansions of the partial correlation coefficients into direct and indirect effects on the main trait (breast weight) are presented in Table 4 . The multiple R-squared value of 0.749 was observed for the standardized equations of the path analysis, indicating that breast weight might be explained in terms of the eight remaining explanatory traits. The direct effects on BRE were mainly caused by US, SL and, to a lower degree, by LEG. The direct effect of US on BRE (0.432), associated with the indirect effect of SL on BRE, via US (0.273), might have been responsible for the high phenotypic correlation obtained between US and BRE. The direct effect of SL on BRE (0.492), associated with the indirect effects of US on BRE (0.240), via SL, was the factor responsible for the high phenotypic correlation obtained between SL and BRE. For LEG, direct and indirect effects on BRE were also found, but to a lower degree in comparison to SL and US.
Aside the positive phenotypic correlations of BW7, BW28, HE, LI and FAT with BRE, their direct effects of these traits were negligible (close to zero). These correlations were therefore due to the indirect effects of US, SL and LEG on BRE via BW7, BW28, HE, LI and FAT. The effects of BW7 and BW28 over BRE were due to indirect effects of SL, suggesting a positive relation of the variable body weight with itself over successive time intervals (autocorrelation), as already reported for weight variables in broiler (Mehmet, 2009) .
Despite the fact that BW7 and BW28 are usual measures in juvenile phenotypic individual selections in poultry, both are used as animal growth indicators and are correlated positively with BRE. They cannot be considered direct phenotypic predictors of breast weight, as such an association is the result of the indirect effect of the US and SL traits. This is possibly because bone growth is a priority at the beginning of animal's life, and only later intense muscular and adipose growth happen (Lawrie, 1991) . Thus, higher weight in young individuals would not be phenotypically associated with a higher deposition of breast muscle in these individuals at slaughter age. SL and US were thus identified as the factors mainly responsible for the magnitude of the correlation coefficients obtained between the studied traits and BRE, presenting direct and indirect genetic and/or environmental effects on breast weight. This result is possibly due to the fact that US is found from the longitudinal and transversal accesses of breast muscles measured by ultrasonography, obtaining the muscle volume, which may be inherently associ-ated with breast weight. SL is the body weight moments before slaughter, and BRE is measured just after slaughter, and in selected lines, like the analyzed one, the breast weight is proportionally a great part of slaughter weight. As a result, these two traits may be inherently associated. Therefore, path analysis allowed the understanding of which variables affect breast composition directly. SL may thus be considered an important and adequate predictor for BRE and for US.
US presents moderate to high heritability, as Gaya et al. (2006) reported heritability coefficients of 0.28 and 0.29 for the depth of breast muscle measured by ultrasonography. For slaughter weight in chicken, heritability coefficients between 0.24 and 0.37 have been reported (Le Bihan-Duval et al., 1999; Gaya et al., 2006; Vayego et al., 2008) . These values indicate that the individual pre-selection for any of these traits could lead to a good response in the selection, since they have additive genetic components in their expression. Therefore, individual pre-selection for SL or US might bring more effectively increase BRE than pre-selection of the other traits. This is possible because SL and US present moderate to high heritabilities (Morris and Pollott, 1997; Rishell, 1997) and an important phenotypic cause-effect relationship with BRE. This means that they are of the same genetic and/or environmental origin (Van Vleck et al., 1987) , and if the environmental conditions are maintained (Willis et al., 1991; Morris and Pollott, 1997) , we could use phenotypic selection for SL or US as a pre-selection recourse, which can be useful for the breeding of this broiler line and for other broiler breeding programs. However, the use of individual pre-selection for US especially is recommended, as its evaluation can be performed early (38 days of age) and in vivo for checking the breast measures, which may be used as an alternative to slaughtering. SL is also an adequate predictor for BRE, but it is an expensive trait to measure, since, as is the case for BRE, gathering data on SL requires slaughtering the birds.
Aside its use for vegetables and other areas, path analysis may be used to identify traits with a direct influence on economic traits in broilers. The phenotypic selection (massal selection) in broilers could, so, be used in the analyzed line, as commonly used in poultry breeding industries (Emmerson, 1997; Bijma et al., 2000; McMillan and Quinton, 2002; Loywyck et al., 2005) . The massal selection may be accomplished prior to reproductive age (Bijma et al., 2000) and could also bring rapid responses for several economic traits in broiler breeding programs (Emmerson, 1997; Morris and Pollott, 1997; Rishell, 1997) . After a pre-selection in the studied line, the genetic evaluation for sire and dam candidates and the definition of selection criteria by BLUP would be made (McMillan and Quinton, 2002) . Then, only the broilers that present a first evaluation of superiority would be maintained in the flock, and in the genetic selection process, and path analysis could indicate what selection criteria are to be used in pre-selection that can be directly associated with traits of economic interest.
Conclusion
The simultaneous maintenance of live body weight at slaughter and eviscerated body weight in the matrix of correlations might be harmful to statistical analysis involving systems of normal equations in the analyzed line due to the resulting multicollinearity. For broilers raised in environmentally controlled housing, it is possible to use the slaughter weight and the depth of breast muscle measured by ultrasonography for individual pre-selection to favor breast weight in the analyzed line. The depth of breast muscle measured by ultrasonography is the most feasible. Juvenile body weight and body composition traits in the analyzed line are not directly phenotypically associated with breast weight; consequently, the individual pre-selection of broilers for these traits could not favor a direct increase of breast weight. Path analysis can contribute to the understanding of the composition of traits of economic interest, indicating the most useful traits for accomplishing pre-selection.
